Introduction
The International Comparison of Absolute Gravimeters (ICAG-2013) was held in the Underground Laboratory for Geodynamics in Walferdange, Luxembourg in November 2013. The ICAG-2013 is registered as the CCM.G-K2 Key Comparison and Pilot Study. This is the first time that a Key Comparison is organized outside the walls of the BIPM [2] . This comparison is also the largest ever organized with the participation of 25 gravimeters. The comparison lasted only 6 days, 2 sessions of 3 days a week apart if we exclude the two teams that participated one week before and 3 months after the "official" sessions schedule.
Prof. Dr. Olivier Francis from the University of Luxembourg is in charge of the local organization of the comparison and of the elaboration of the results. METAS is the Pilot Laboratory under the leadership of Dr. Henri Baumann.
The Technical Protocol approved by the participants prior to the comparison is available at http://kcdb.bipm.org/appendixB/appbresults/CCM.G-K2/CCM.G-K2_Technical_Protocol.pdf. This mandatory document includes the list of the registered participants, a description of the comparison site, the timetable of the measurements, and a standardized excel table to express the uncertainty of the gravimeters. It also specifies the data processing as well as the reporting of the results.
In this report, we give the list of the participants who actually performed measurements during the comparison. The data (raw absolute gravity measurements and their uncertainties) submitted by the operators as well as the corrections due to the vertical gravity gradient applied before the data adjustment are provided. The measurement strategy is briefly discussed as well as the data elaboration which did not differ significantly from the methodology used in previous comparisons. Finally, the results of the data adjustment are presented including the degrees of equivalence of the gravimeters and the key comparison reference values. For the final and official solution, we removed the absolute gravity data from gravimeters for which their observations were not compatible with a first solution including all the measurements. Overall, the measurements are all consistent given the declared uncertainties.
List of participants
The list of the participants is given in Table 1 . In total, 25 absolute gravimeters were compared including 7 different types of instruments. The number of FG5 free-fall gravimeters is dominant. However, one atomic gravimeter (CAG-01), one rise-and-fall gravimeter (IMGC-02) as well as two new free-fall prototypes from China (NIM-3A and T-2) were present.
Overall, 10 teams from National Metrology Institutes (NMI) or Designated Institutes (DI) participated to the ICAG-2013. Table 1 . Participants to ICAG-2013 (NMI = National Metrology Institutes; DI = Designated Institutes). The metrological institutes are marked in blue.
# Country or Province
Institution NMI or DI Gravimeter Operator(s) 
Absolute gravity measurements

Data presented by the operators
The raw Absolute Gravity (AG) measurement is the mean free-fall acceleration at the reference height corrected for:
 the gravimetric Earth tides including the oceanic attraction and loading effects. The corrections are made according to Resolution 16 of the 18th General Assembly of the IAG 1983 to obtain "zero-tide" values for gravity;  the atmospheric attraction and loading effects using an admittance factor of -0.3 µGal/hPa on the difference between atmospheric pressure of a standard model measurement [7] and the local air pressure according to the IAG 1984 Resolution 9 (1984);  the polar motion effects estimated from the pole position as published by the Earth Rotation and Reference Systems Service (IERS);  the vertical gravity gradient;  and all known instrumental effects (e.g. self-attraction, laser beam diffraction corrections, etc…).
The corrections for tides, polar motion and atmospheric mass redistributions are in compliance with the International Earth Rotation and Reference Systems Service (IERS) conventions 2010 [5] and IAGBN (International Absolute Gravity Base-station Network) processing standards [1] The operators were responsible for processing their gravity data. They submitted the final gvalues for all the measured sites at their own favorite height above the benchmark, the standard deviations of the set mean values, and the uncertainties. These latter ones contain all the known instrumental contributions to uncertainties plus the site dependent uncertainty. The reported time of the measurement is the average of the times of the observations contributing to the measurement.
Vertical gravity gradient and transfer to the comparison reference height
As the data presented by the operators were not given at the same common height, some additional work needed to be performed before comparing the observations. First, all the g-values were transferred to the reference height specific to each type of gravimeters [6] using the vertical gravity gradients provided in the Protocol. The reference height and the effective measurement height [4] are referring to the same position: one is given with respect to the ground level whereas the other one is taken from the start of the drop. At that specific height, the g-value is invariant to the vertical gravity gradient. It has been recognized as a good choice when the vertical gravity gradient is poorly or not known at all. The reference height is instrument dependent: around 1.21 m, 1.25 m and 0.68 m for the FG5s, FG5Xs, A-10s, respectively.
In a second step, the new determinations of the vertical gravity gradient (see Annex A) are used to transfer the g-values from the instrumental reference heights for the FG5s and A-10s to the comparison reference height of 1.3 m. For the other types of gravimeters, their g-values were transferred from the given height to 1.3 m.
This procedure insures the optimum consistent treatment of the vertical gravity gradient for all the data.
Final data
The 73 AG measurements from the 25 absolute gravimeters over the 15 stations are listed in Table 2 . In addition, the gravity changes observed with the OSG-CT040 are provided in the last column of the same table. The SG observations are corrected using the same tides prediction and atmospheric admittance factor as for the absolute gravity measurements. As the instrumental drift of the OSG-CT040 is less than 1 gal/year, no drift correction is applied. The SG values have been calculated by averaging the SG observations over the same time window as each AG measurement sessions. This correction implies that one needs to define a mean official comparison time which is November 9, 2013. In other words, all the observations have been transfer to this time for which the SG correction is zero.
According to the protocol, each gravimeter should have measured at least at three gravity stations. However, the FG5-242 could only provide the gravity value at one station: the gravimeter was seriously damaged during the comparison and it was not possible to fix it. Table 2 . List of all the raw AG measurements corrected for all the known geophysical (tides, atmospheric pressure and polar motion effects, vertical gravity gradient) and instrumental effects (speed-of light correction, laser beam diffraction, self-attraction): σ mes is the standard deviation of the set mean values, u decl is the uncertainty declared by the participants, VGG is the Vertical Gravity Gradient, and u is the uncertainty including the contribution of the uncertainty in the vertical gravity gradient transfer from the measurement or the instrumental reference height to the comparison reference height of 1.30 m. The gravity change as measured by the Superconducting Gravimeter (SG) is given in the last column (all the observations are "transported" in time to November 9, 2013 for which the SG data is zero). The constant value 980 960 000.0 µGal has been subtracted from the gravity measurements. k is the coverage factor. 
Measurement strategy
All 15 gravity sites of the Underground Laboratory for Geodynamics in Walferdange (5 on 3 different platforms) were used during the comparison. Each gravimeter measured on the three platforms insofar possible. The schedule was arranged in such a way that two instruments did not measure twice at the same site. There are some exceptions due to glitches in the measurements schedule. In addition, the program has been optimized in such a way that each station was measured by 4 to 6 gravimeters (Table 3) 
Data elaboration
As each gravimeter measured at only three of the 15 sites, the g-values cannot be directly compared. The same procedure used in the ECAG-2011 comparison in Walferdange [3] was adopted.
A global weighted least-square adjustment is performed using as inputs the g-values given by the operators and their associated uncertainties. The uncertainties (strictly speaking the inverse square of the uncertainties: 1/u 2 ) are used to weight the gravity observations in the least-square adjustment. The outputs are the g-value at each site and the bias (or Degree of Equivalence (DoE)) for each instrument including their uncertainties multiplied by the coverage factor k=2. The observation equation is:
where g ik is the gravity value at the site k given by the instrument i, g k is the adjusted gravity value at the site k or the site dependent Key Comparison Reference Value (KCRV), δ i the systematic error or the bias (i.e. DoE) of gravimeter i (which is assumed to be constant during the comparison) and ε ik the random error. This additional condition allows us regularizing the ill-posed problem. Without it, there would be indeed an infinite number of solutions by adding the same constant at all the biases.
The final adjustment includes the data of all the gravimeters that participated in the Key Comparison (KC). All the g-values are corrected for the observed geophysical gravity changes with the SG. In order to constrain the KC solution, the gravity differences between the sites measured by the other 15 gravimeters belonging neither to NMI nor DI were included in the adjustment. Each of those gravimeters measured at three sites: two new observations are formed by taking the gravity differences between the g-value at the first occupied station (referred below as the reference station for that specific gravimeter) and the g-values at the two other stations occupied by the same gravimeter. This procedure eliminates the assumed (by definition) "constant offsets" of the gravimeters. The variances of these new observations are obtained by summing up the variances of g-value at the reference station and of the g-values at the paired station. This simple mathematical operation induces a correlation between the two newly formed observations as the g-value of the reference station is the common reference. As it can be proved easily, the covariance is simply the variance of the gvalue at the reference station.
Results
First solution
For the first solution, all the measurements presented by the operators were included in the weighted least-square adjustment. The References Values (RVs) and the Degrees of Equivalence (DoEs) are presented in Tables 4 and 5 and Figure 2 . Table 4 . Reference Values (RVs) of g using all the absolute observations from the NMI/DIs and gravity differences measured by the non-NMI/DIs. The constant value 980 960 000.0 µGal is subtracted from the RVs, U is the expanded uncertainty at 95% confidence. Figure 2 . Degrees of Equivalence (DoE) of the gravimeters participating in the KC using the gravity differences between the sites from all gravimeters which do not belong to a NMI/DI. The error bars represent the expanded uncertainties (U) at 95% confidence.
Site
In Table 6 , the g-values of the NMI/DIs' gravimeters are compared to the RVs. The differences between the gravimeters measurements and the corresponding RVs are calculated along their uncertainties. Those are given by the square root of the sum of the square of the expanded uncertainty (k=95%) of the g-value and of the RV. In addition, we also calculated the compatibility index E n defined by:
In other words, this is the ratio between the difference of two estimated values and the expanded uncertainty (k=95%) of the difference. An E n factor lager than 1 indicates that the two values are incompatible as their difference cannot be covered by their uncertainties. It means that either one of the two values is corrupted or the declared uncertainties are too small. For the NMI/DI gravimeters, the index factor (Table 6 ) of only one measurement marked in red is higher than 1. For the non-NMI/DI gravimeters, the gravity differences (Table 7 ) are all compatible with the differences of the RVs. 
.1. Key Comparison
A new adjustment is performed excluding the measurement for which the compatibility index is higher than 1: CAG-01 at B3. This procedure allows us to exclude outliers in order to obtain the best estimates for the KCRVs. However, the excluded measurements will be considered when computing the final and official DoEs.
The results of the adjustment without the excluded measurement are presented in Tables 8  and 9 and in Figure 3 . The compatibility indexes of the NMI/DI gravimeters are not presented here as they are all smaller than 1. Figure 3 . Degrees of Equivalence (DoE) of the gravimeters participating in the KC using the gravity differences between the sites from all gravimeters, which do not belong to a NMI/DI from the weighted least-square adjustment. The error bars represent the expanded uncertainties (U) of the DoE at 95% confidence.
The DoEs of the CAG-01 are not the same in Table 9 and Tables 10 and 11 because the measurement of the CAG-01 at B3 was excluded to produce the results presented in Table  9 whereas this measurement was taken into account in Tables 10 and 11 . There are other differences mainly on the uncertainties of the DoE which are higher in Table 10 than in Table  9 : 5% on average and maximum 10%. The reason is that the covariance between the measured gravity and the KCRV is not considered to produce the results in Table 10 . As the uncertainties are only slightly higher, additional complications by taking the covariance into account seems pointless. In Tables 5, 9 , and 10 the uncertainty U represents the uncertainty of the DoE as determined in the comparison. This uncertainty depends on the declared uncertainty of gravimeter in question and on the observation structure of the comparison, above all on the number of station occupations by the gravimeter (typically N=3). It can be shown that with increasing N the uncertainty of the DoE determined in this way decreases approximately in proportion to 1/√ . Thus this uncertainty is not appropriate for assessing the compatibility of the DoE with the declared uncertainty of the gravimeter. Using it effectively implies an uncertainty model where with increasing N the DoE of a gravimeter should converge towards zero for the gravimeter to stay in equivalence.
For assessing equivalence (Table 11 and Figure 5 ) we therefore couple the DoE with the RMS of the uncertainties (last column of Annex B, above the lines) of the 1-3 differences between the gravimeter measurements and the KCRV that go into the determination of the DoE of the gravimeter. This RMS uncertainty is presented at the 95% level. All the gravimeters in the KC are in equivalence. Table 11 . Degrees of Equivalence (DoE) of the gravimeters participating in the KC calculated from the difference between the gravimeter measurements and the KCRVs. The error bars represent the expanded uncertainties (U) at 95% confidence.
Conclusions
In the framework of the International CCM.G-K2 Key Comparison of absolute gravimeters, 10 gravimeters from different NMIs and DIs were compared in accordance of the technical protocol established and accepted by all participants.
The gravity differences between sites measured by gravimeters of 15 non-metrological institutes were included in the final adjustment. The procedure eliminates the biases of the non-NMI/DI's gravimeters providing a better estimate of the gravity ties between the 15 sites used during the comparison.
The KCRVs and DoEs have been estimated by a weighted least-square adjustment of the g-values of the NMI/DI's gravimeters and the gravity differences measured by the non-NMI/DI's gravimeters. The weights are computed from the uncertainties provided by the operators and the uncertainties in the g transfer to the comparison reference height of 1.3 m. One measurement from a NMI gravimeter was found to be not in equivalence based on the compatibility index E n . The observation was discarded to estimate the KCRVs but reintroduced to calculate the DoE of the gravimeter.
In conclusion, the DoEs of the 10 NMI and DI gravimeters are comprised between -3.7 and +6.2 μGal with a RMS of 2.7 μGal. They are all in equivalence. For the PS, 1 of the 15 gravimeters is not in equivalence (ANNEX C). Table A1 . The coefficient c is omitted as it is of no use. The gravity difference between height z 1 and z 2 is given by:
Comparison between the gravity measurements and the KCRVs.
The differences between the gravimeter measurement and the KCVR are calculated for each gravimeter at each occupied site. The associated variances (U 2 ) are computed by summing up the variances of different constituents. The DoEs are then obtained by averaging these differences and the variances are calculated by summing up the different constituents divide by the number of constituent. The uncertainty U represents the expanded uncertainties at 95% confidence. --------------------------------------------------------------------FG5 --------------------------------------------------------------------FG5X- ------------------------------------------------------------------ 
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ANNEX C: Pilot study solution
In Table C1 we present the DoEs and their uncertainties for the PS, calculated from the differences between gravimeter measurements and the KCRVs in the same way as in Table 10 for the KC. Figure C1 combines the KC and PS gravimeters. Table C2 shows the final PS results where the DoEs are coupled with the uncertainties that must be used to assess equivalence. These uncertainties are calculated in the same way as in Table 11 of the KC, i.e., as the RMS of the uncertainties (last column of Annex B, above the lines) of the 1-3 differences between the gravimeter and the KCRV going into the determination of the DoE of the gravimeter. Figure C2 then combines the final KC and PS results. One gravimeter in the PS is not in equivalence: FG5-102. Table C1 . Degrees of Equivalence (DoE) of the gravimeters participating in the PS calculated from the difference between the gravimeter measurements and the KCRVs. The uncertainty U represents the expanded uncertainties of the DoE at 95% confidence. Figure C1 . Degrees of Equivalence (DoE) of the all the gravimeters participating in the KC and PS calculated from the difference between the gravimeter measurements and the KCRVs. The gravimeters participating in the KC are surrounded by a red box. The error bars represent the expanded uncertainties (U) of the DoEs at 95% confidence. Figure C2. Final Degrees of Equivalence (DoE) of the all the gravimeters participating in the KC and PS calculated from the differences between the gravimeter measurements and the KCRVs. The gravimeters participating in the KC are surrounded by a red box. The error bars represent the final uncertainty U, calculated as the RMS uncertainty of the 1-3 differences. It represents the expanded uncertainty at 95% confidence.
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